Introduction {#S1}
============

A complex interdependency exists within the human intestine, where trillions of microbes interact with the host mucosa. While most of the microbiota benefit host health, pathogens and dysbiosis can lead to disease ^[@R1]--[@R5]^. It is for this reason that a selective barrier is essential to intestinal homeostasis. Epithelial barrier is maintained through multiple levels of cell-cell interaction that functionally seals the epithelial monolayer. Defects in barrier function have been linked to many human diseases, most notably inflammatory bowel disease (IBD) ^[@R6]^.

The importance of IL10 signaling is well established in models of IBD. Indeed, mice lacking IL10 or the IL10 receptor are predisposed to spontaneous colitis ^[@R7]--[@R11]^. Functional IL10 signaling in the epithelium promotes cell proliferation and barrier formation ^[@R12],\ [@R13]^, and results in homeostasis and maintenance of the epithelia (13). It was recently demonstrated that activation of the epithelial IFN-γ receptor, which is well established to induce barrier dysfunction ^[@R14],\ [@R15]^, also induces the expression of the IL10 receptor (IL10R1) in both cultured IEC and mice ^[@R13]^. These results provide a compelling example of how balanced inflammatory processes also elicit inflammatory resolution.

One of the major signaling cascades induced by activation of IFN-γ receptors is induction of tryptophan (Trp) metabolism through the induction of indoleamine 2,3-dioxygenase (IDO1) ^[@R16],\ [@R17]^. IDO1 is an enzyme responsible for conversion of Trp to kynurenine (Kyn) ^[@R18]^ and has been shown to suppress T cell proliferation through the localized catabolism of Trp ^[@R19]^. Expression of IDO1 in intestinal epithelial cells strongly correlates with anti-inflammatory properties of dendritic cells ^[@R20]--[@R24]^, and reduces severity of colitis in mice ^[@R23]^. Epithelial IDO1 has also been shown to activate β-catenin signaling and promote colonic tumorigenesis in inflammation-associated cancer ^[@R25]^.

Kyn is a Trp metabolite that functions as an endogenous ligand of the aryl hydrocarbon receptor (AHR) transcription factor ^[@R26],\ [@R27]^. This transcription factor has been historically studied in the context of the synthetic dioxin based compound TCDD, and is known to control genes such as Cyp1A1 that are important for protecting cells from intoxication by various planar aromatic hydrocarbons ^[@R28],\ [@R29]^. More recently, numerous endogenous ligands for AHR have been identified ^[@R30]^. For example, Kyn competes with TCDD for binding cytosolic AHR and endogenously regulate systemic inflammation and tolerance ^[@R27]^. Additionally, AHR has been implicated in various immune functions, including Th17 development and the expression of IL-17 and IL-22 ^[@R31]--[@R35]^. Together, these data lead us to hypothesize that IFN-γ induces the expression of IL10R1 through an increase in tissue Trp metabolism and activation of AHR.

Results {#S2}
=======

Altered tissue metabolism in mice with DSS colitis {#S3}
--------------------------------------------------

There is significant current interest in defining metabolomic changes associated with disease progression and inflammatory resolution ^[@R36]^. Here, we performed a comprehensive, unbiased screen of metabolites of serum and colonic tissue from active DSS colitis. Mice were exposed to DSS via drinking water and serum and colonic epithelium were collected on day 7. Shown in [Figure 1](#F1){ref-type="fig"} is a summary of these results. This dataset comprised the analysis of 502 biochemicals of known identity. Principal component analysis revealed that metabolism was significantly altered both locally and systemically in mice administered DSS ([Fig. 1A](#F1){ref-type="fig"}). In total, 42 metabolites were found to be significantly increased in the colon, while 120 metabolites were present in higher amounts in serum after DSS exposure. Most notable were changes in several metabolites along the Trp metabolism pathway in both serum and colons of colitic mice ([Fig. 1B](#F1){ref-type="fig"}). Tryptophan is metabolized along at least 3 separate pathways involving various enzymatic signaling cascades and mechanisms ([Fig. 1C](#F1){ref-type="fig"}). Catabolites of Trp were changed fundamentally in DSS colitis. In the colon, 5-hydroxyindoleacetate was significantly lower (p\<0.05) while serotonin and C-glycosyltryptophan were increased (p\<0.05, [Fig. 1B](#F1){ref-type="fig"}). The most notable change was increased Kyn levels across both colon (4.4± 0.39-fold increase, p\<0.01, [Sup. Fig. 1](#SD1){ref-type="supplementary-material"}) and serum samples (2.1±0.55 increase, p\<0.01, [Fig. 1B](#F1){ref-type="fig"}) from DSS colitic mice.

Elevated Kyn levels are associated with an upregulation of IDO1 {#S4}
---------------------------------------------------------------

In an attempt to better understand the temporal regulation of Kyn, independent analyses of Kyn levels in mice during various stages of DSS colitis were performed using EC-HPLC. Over the course of 7 days post DSS, Kyn levels increased in both the colon and serum compared to untreated mice ([Fig. 2A, 2C](#F2){ref-type="fig"}). Kyn levels in the colon and serum gradually increased to over 7-fold the levels found at baseline with increasing time of exposure to DSS, supporting our LC-MS profiling screen ([Fig. 2B, 2D](#F2){ref-type="fig"}). Interestingly, by day 10, Kyn levels in the colon and serum trend toward normal, suggesting that Kyn may serve as a sensitive biomarker of inflammation and resolution ([Fig. 2B, 2D](#F2){ref-type="fig"}).

Once Trp is internalized, intracellular enzymes become the rate-limiting step in the catabolism of Trp to Kyn and other downstream metabolites. Consistent with previous studies in other cell types ^[@R37]^, analysis of our previously published microarray using T84 IEC ^[@R38]^ (GEO accession number GSE33880: <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33880>) revealed that the Trp catabolizing enzyme indoleamine 2,3-dioxygenase (IDO1) is highly upregulated upon exposure to IFN- γ ([Fig. S1A](#SD1){ref-type="supplementary-material"}), a cytokine that we have previously shown to be temporally upregulated in DSS colitis ^[@R13]^. By contrast, other Trp catabolizing enzymes (e.g. TPH1 and TDO2) remain unchanged with IFN- γ treatment ([Fig. S1A](#SD1){ref-type="supplementary-material"}). In line with the data from IEC exposed to IFN- γ, mice had an increase in colonic IDO1 protein expression over a course of 10d of DSS and recovery as measured by western blot densitometry ([Fig. 2E](#F2){ref-type="fig"}). IDO1 expression and subsequent Kyn production take place in a number of cell types including immune cells; therefore, we investigated whether isolated colonic epithelial cells upregulated IDO1 during DSS. DSS exposure lead to a 2-fold induction of *ido1* transcript levels in whole colon tissue, approximately a 3-fold induction from colonic mucosal scrapings, and over a 10-fold induction of *ido1* transcript was detected in colonic epithelial cells enriched by immunomagnetic separation ([Fig. 2F](#F2){ref-type="fig"}).

The primary known function of IDO1 is the conversion of Trp to Kyn. Therefore, we examined whether IFN- γ exposure increased Kyn levels in cultured IECs. As shown in [Figure S1B](#SD1){ref-type="supplementary-material"}, this analysis revealed that T84 cell exposure to IFN- γ resulted in a significant increase in secreted Kyn that can be inhibited by the tryptophan analog 1-methyl-DL-tryptophan (1-MT). IFN- γ has been shown to control expression of IL10R1 on IECs, so we also analyzed the expression of IL10R1 by qPCR in the presence of IFN- γ and 1-MT. While IFN- γ results in over a 50-fold increase in *il10r1* transcript, the presence of 1-MT skews the expression levels back toward baseline ([Fig. S1C](#SD1){ref-type="supplementary-material"}). We also measured transcript levels of a known AHR target, Cyp1A1, in the presence of 1-MT. Interestingly, without IDO1 tryptophan catabolism, Cyp1A1 levels return to baseline ([Fig. S1C](#SD1){ref-type="supplementary-material"}).

To further demonstrate the association between intestinal inflammation and elevated Kyn levels, we determined the levels of Kyn, IL10R1, and IDO1 in TNF(ΔARE) mice^[@R39]^. These mice develop a Crohn's disease-like pathology, and also show an increase in systemic Kyn, in line with data from the DSS treated mice ([Fig. S2A](#SD1){ref-type="supplementary-material"}). In turn, TNF(ΔARE) mice also have an increase in both *ido1* and *il10r1* mRNA in the colonic epithelia ([Fig. S2B](#SD1){ref-type="supplementary-material"}). Together, these results implicate a significant shift in Trp metabolism toward Kyn mediated by IFN- γ, and provide a link between IFN- γ signaling and the AHR pathway.

Expression of IL10R1 on IEC is controlled by AHR ligands {#S5}
--------------------------------------------------------

Given the strong association between IL10R1 and IFN- γ ^[@R13]^ and the above-described link between IFNγ and IDO1, we investigated the existence of a relationship between Trp metabolism and IL10R1 regulation in IEC. Kynurenine, along with other Trp metabolites, functions as an endogenous ligand for the aryl hydrocarbon receptor (AHR), a transcription factor that responds to planar aromatic hydrocarbons ^[@R27],\ [@R40],\ [@R41]^. As shown in [Figure 3](#F3){ref-type="fig"}, exposure of T84 IEC to Kyn, the UV-induced Trp derivative FICZ, and the AHR ligand TCDD resulted in a significant increase in both *il10r1* and *cyp1a1* mRNA levels (all p\< 0.05, [Fig. 3A](#F3){ref-type="fig"}). Analysis of the sequence flanking the IL10R1 gene identified several putative AHR response elements (5′-T/GNGCGTGA/CG/CA-3′) within the promoter region ^[@R42]^. This 1.4 kb fragment of the promoter region was cloned upstream of a luciferase reporter, transfected into Caco-2 IEC, exposed to Kyn, FICZ, and IFN- γ and luciferase activity was measured after 12h. As shown in [Figure 3B](#F3){ref-type="fig"}, FICZ, Kyn, and IFN- γ all significantly increased promoter activity compared to vehicle control (p\< 0.001), suggesting that Trp metabolites induce IL10R1 through a mechanism involving AHR.

To further determine the influence of AHR on IL10R1 expression, we used short hairpin RNA knockdown (shRNA) to individually deplete AHR and the AHR nuclear transporter (ARNT) in Caco-2 and T84 IEC, respectively ([Fig. S3A and S3B](#SD1){ref-type="supplementary-material"}). Caco-2 AHR knockdown cells exposed to Kyn or FICZ resulted in no significant induction of IL10R1 compared to cells transfected with a non-targeting control shRNA ([Fig. 3D--E](#F3){ref-type="fig"}). Similarly, T84 ARNT knockdown cells revealed no detectable levels of IL10R1 at baseline and no induction with FICZ, Kyn, or TCDD ([Fig. 3F--G](#F3){ref-type="fig"}).

Expression of IL10R1 on IEC occurs predominantly on the apical surface of the cell ^[@R13]^. To determine whether AHR ligand-induced AHR activation results in IL10R1 surface expression in adherent cells, we performed cell surface ELISA on Caco-2 shRNA control, ARNT KD cell lines, and Caco-2 cells treated with the pharmacological AHR inhibitor CH223191 (AHRi). In line with our western blot results, the expression of IL10R1 increased 8.96±2.06-fold (p\<0.01) with FICZ, 4.38±1.06-fold (p\<0.05) with Kyn, and 6.26±1.36-fold (p\<0.01) with TCDD in shRNA control cells ([Fig. 3C](#F3){ref-type="fig"}). No increase in IL10R1 was detectable with FICZ, Kyn, or TCDD exposure of ARNT KD or AHRi treated cells (p=not significant, [Fig. 3C](#F3){ref-type="fig"}), further confirming a role for AHR/ARNT in the regulation of IL10R1 by Trp metabolites.

Previous work has shown a protective role for FICZ in murine models of colitis ^[@R32],\ [@R43]^. We sought to determine how administration of FICZ *in vivo* might influence IL10R1 on the colonic mucosa. Villin-Cre+ conditional ARNT KO mice along with Cre- littermates were gavaged with 50 μg/kg of FICZ, and mRNA levels of IL10R1 in the colonic epithelia were analyzed after 6 h and 12 h. The *il10r1* mRNA levels were 2-fold higher ([Fig. S4A](#SD1){ref-type="supplementary-material"}) and the IL10R1 protein levels trended higher ([Fig. S4 B--C](#SD1){ref-type="supplementary-material"}) in the FICZ-treated control mice at 6 h and 12 h, respectively. Meanwhile, the ARNT KO mice showed no increase in *il10r1* transcript or protein expression ([Fig. S4](#SD1){ref-type="supplementary-material"}). By 12 h of FICZ exposure, *il10r1* levels in the Cre- mice returned to control levels, with no detectable change in ARNT KO tissue ([Fig. S4](#SD1){ref-type="supplementary-material"}). These results provide a compelling *in vivo* correlate for regulation of IEC IL10R1 by ARNT.

Activation of AHR promotes epithelial wound healing {#S6}
---------------------------------------------------

We next determined whether AHR-dependent IL10R1 was functional. Our previous work demonstrated that IL10 signaling is important in IEC tight junction formation and ultimately barrier function; therefore, we performed an *in vitro* scratch wound assay using T84 IEC and followed the gap closure over 72 hours in the presence of a timed combination of Kyn followed by recombinant human IL10. As depicted in [Figure 4A--B](#F4){ref-type="fig"}, scratch wounds closed by 82.7±4.0% over a 48 h period. The addition of Kyn alone resulted in a similar response to control monolayers (87.9±4.1%, p = not significant compared to control) while the addition of IL10 alone increased scratch wound closure to 93.6±3.2% (p\<0.05 compared to control). The combination of Kyn and IL10 lead to 73.0±4.2% restitution by 24 h (p\<0.001 compared to IL10 alone) and complete wound closure within 48 hours, indicating that Kyn-dependent signaling via IL10 functionally promotes epithelial wound closure independent of enhanced proliferation ([Fig S5A](#SD1){ref-type="supplementary-material"}).

By stark contrast, shRNA IL10R1 knockdown T84 cells exhibited delayed monolayer restitution in response to a combination of Kyn and IL10 ([Fig. 4A--C](#F4){ref-type="fig"}). After 72 h, the mock treated control cells closed by only 54.9±7.4%, and the restitution with Kyn alone was not significant at 47.5±3.7% ([Fig 4B](#F4){ref-type="fig"}). The addition of IL10 alone did not promote epithelial wound closure (63.5±6.7%) and the combination of Kyn and IL10 was not significantly different than mock treated control cells (66.4±4.6%). Similarly, another AHR ligand, FICZ, also promotes wound healing in T84 IEC in the presence of IL10 ([Fig. 5A--C](#F5){ref-type="fig"}). However, ARNT KD IEC were unable to recover from the scratch wound regardless of FICZ or IL10 administration ([Fig. 5B--C](#F5){ref-type="fig"}), indicating that the AHR/ARNT pathways appear to be essential for wound closure. In order to understand how the AHR ligands Kyn and FICZ are promoting wound healing, we next investigated whether the AHR ligands influenced expression of genes responsible for IEC junction proteins. T84 cells treated with Kyn or FICZ alone had no increase in any of the junctional genes assayed, indicating the observed wound healing is dependent on an increase in IL10 signaling and related downstream pathways ([Fig. S5B](#SD1){ref-type="supplementary-material"}). In turn, the lack of IL10R1 or ARNT abrogates the protective influences of the AHR--IL10 axis in IEC.

Exogenous Kyn protects mice from DSS colitis {#S7}
--------------------------------------------

AHR ligands such as FICZ have been shown to be protective in murine models of colitis through multiple mechanisms of immune cell modulation ^[@R32],\ [@R43]^. Our data has shown that the AHR ligand Kyn is increased during inflammation through an upregulation of IDO1 and that this leads to IL10 receptor expression on intestinal epithelia. This increase in IL10R1 is associated with enhanced wound healing *in vitro*; therefore, we next explored the influence of Kyn supplementation in a murine model of DSS colitis. Eight-week-old C57--B6 mice were exposed to 2.5% DSS in the drinking water for 6 days, then recovered with tap water for 2 additional days. As shown in [Fig. 6A--B](#F6){ref-type="fig"}, mice receiving Kyn (10mg/kg i.p.) loss less weight over 8 days, and had a substantial decrease in disease activity index (DAI). Despite the 10mg/kg dose of Kyn, the colonic and systemic levels of Kyn were measured to be no higher than the heightened physiologic levels seen during inflammation in [Fig. 2](#F2){ref-type="fig"} ([Fig. S5 C--D](#SD1){ref-type="supplementary-material"}). In line with the *in vitro* wound healing, DSS mice receiving Kyn display a significant reduction in intestinal permeability as measured by FITC-dextran ([Fig. 6C](#F6){ref-type="fig"}). This protection in Kyn treated mice is extended to colon length ([Fig. 6D--E](#F6){ref-type="fig"}). Colons in mice receiving DSS alone average 4.3±0.1 cm while colon length in Kyn treated DSS mice averaged 4.8±0.1 cm (p\<0.05) ([Fig. 6D--E](#F6){ref-type="fig"}). Histological analysis of the colon tissue revealed severe inflammation and loss of crypt architecture in DSS mice that is ameliorated with the addition of Kyn ([Fig. 6F--G](#F6){ref-type="fig"}). These results are associated with increased IL10R1 expression in isolated colonic epithelial cells from mice receiving Kyn (p\<0.05)([Fig. S6D](#SD1){ref-type="supplementary-material"}).

In contrast, villin-cre+ conditional AHR knockout mice do not respond to Kyn during DSS colitis. As shown in [Fig. S6A and S6C](#SD1){ref-type="supplementary-material"}, there is no difference in disease activity or weight loss between DSS exposed AHR KO mice with or without Kyn. When compared to WT mice treated with Kyn, the AHR KO mice with Kyn consistently demonstrated more disease symptoms over the course of DSS and recovery (p\<0.001) despite no difference in weight loss ([Fig. S6B, S6D](#SD1){ref-type="supplementary-material"}). In line with the results in [Fig. 6](#F6){ref-type="fig"}, exposure to Kyn during DSS extended the colon lengths of Cre-negative control mice, while colons from AHR KO mice with or without Kyn are equal in length after DSS ([Fig. S6E](#SD1){ref-type="supplementary-material"}). Interestingly, colonic epithelial cells isolated from the AHR KO mice after DSS showed no increase in IL10R1 expression after Kyn treatment ([Fig. S6F](#SD1){ref-type="supplementary-material"}). Together, these results provide a mechanism for the protective influence of AHR signaling during colitis, and indicate that increased Kyn promotes barrier function through epithelial IL10 signaling.

Discussion {#S8}
==========

Intestinal epithelial cells function to both facilitate nutrient and fluid transport and provide the primary barrier to luminal antigens. Selective permeability is mediated by specialized anatomical features, including vectorial membrane transport systems and dynamically regulated intercellular junctions. Recent evidence suggests that during ongoing inflammation, pro-inflammatory signals (e.g. IFN- γ) elicit downstream responses that promote inflammatory resolution (e.g. induction of functional IL10 receptor) ^[@R13],\ [@R38],\ [@R44],\ [@R45]^. It is clear that intestinal IL10 signaling is important for homeostasis and the lack of functional IL10/IL10R results in spontaneous colitis in mice ^[@R7]--[@R9]^. Expression of the IL10 receptor on intestinal epithelial cells is associated with increased transepithelial resistance and barrier function ^[@R13]^. In the current work, we define a role for IFN- γ-induced Trp metabolism in inflammation and identify the aryl hydrocarbon receptor (AHR) as the transcription factor responsible for IL10R1 expression in intestinal epithelia.

Inflammatory metabolism has become an area of intense interest ^[@R38]^. Herein, we utilized an unbiased ananlysis to define metabolic shifts in ongoing intestinal inflammation. Initial metabolomic studies from mice with DSS colitis revealed that a number of the metabolites along the Trp metabolism pathway were altered both locally (i.e. colon) and systemically (serum). The elevation of Kyn in serum and colonic tissue during colitis was of particular interest. While we have not directly analyzed Kyn binding to AHR, others have shown that Kyn is a demonstrated endogenous ligand for AHR ^[@R26],\ [@R27]^ and can directly compete with TCDD for binding to cytosolic AHR ^[@R27]^. Our previous work defined a prominent induction of IFN- γ in DSS colitis ^[@R13]^, and a major IFN- γ target is IDO1, a widely expressed protein that controls the catabolism of Trp to Kyn ^[@R38]^. Increases in Trp metabolism through IDO1 can deplete local Trp levels and inhibit diverse functions, such as T cell proliferation ^[@R19]^ and intestinal bacterial growth ^[@R46],\ [@R47]^. Our observations indicate that IFN- γ-induced IDO1 in IEC functions to increase levels of intracellular Kyn. It is notable that other branches of Trp metabolism (e.g. generation of serotonin) were also increased during active colitis (see [Figure 1](#F1){ref-type="fig"}) and implicate a common metabolic process to promote the depletion of local Trp levels. Such metabolic regulation provides an important example of the intricate balance between inflammation and tissue metabolism.

Further investigation into the role of Trp metabolism in IEC revealed that various Trp metabolites induce IEC IL10R1. Both FICZ, a potent agonist of AHR, and Kyn induced IL10R1 expression both *in vitro* and *in vivo*, and activated an IL10R1 luciferase promoter construct. Extensions of these studies using loss of function strategies revealed that knockdown of either AHR or the AHR binding partner ARNT significantly attenuated FICZ-mediated induction of IL10R1. AHR was originally identified as the dioxin receptor, regulating genes important for response to various hydrocarbon toxicities ^[@R48],\ [@R49]^. More recent studies have suggested that AHR may have a broader role in the regulation of a range of target genes, including a number of genes important in innate and adaptive immune responses as well as barrier properties on the skin and gut ^[@R50]--[@R52]^. In fact, stimulation of AHR with FICZ has been shown to be protective in murine models of colitis ^[@R32],\ [@R43]^. Our finding that IL10R1 is an AHR target in IEC, advances the mechanism(s) of anti-inflammation elicited by AHR activation.

The present findings also demonstrate a prominent role for IEC IL10R1 expression in wound healing. Our previous findings *in vitro* and *in vivo* identified a role for apically-localized IL10R1 in the regulation of epithelial barrier function ^[@R13]^. Indeed, these studies revealed that shRNA-mediated knockdown of IL10R1 resulted in attenuated barrier formation and decreased baseline barrier function. Likewise, conditional deletion of IL10R1 in murine IEC resulted in increased intestinal permeability of healthy animals. Extension of these findings here to a scratch wound model revealed a prominent role for the IEC IL10R in control of wound healing. The combination of AHR ligand and IL10 significantly enhanced wound closure, thereby adding to our understanding of the protective role of IL10 during inflammatory processes.

Finally, administration of Kyn during DSS colitis demonstrated a protective role for Kyn increase during intestinal inflammation. Animals that received Kyn not only exhibited fewer physical signs of disease, but there was also significantly less damage to the crypt structure and intestinal barrier function. Kyn is an AHR ligand that can result in many physiological changes to the epithelia/immune cell axis. AHR responses by innate lymphoid cells and intraepithelial lymphocytes have also been shown to be protective during inflammation. Intraepithelial lymphocyte numbers are maintained through AHR stimulation from dietary ligands ^[@R53]^, and production of anti-inflammatory cytokines such as IL-22 by innate lymphoid cells in response to AHR ligands has been shown to be protective in colitis ^[@R32]^. However, the direct response of the intestinal epithelia to these ligands is less understood. Studies in villin-cre AHR KO mice confirm that AHR expression within the intestinal epithelia is critical for protection from DSS via Kyn. The increase in IL10R1 in response to the AHR ligands FICZ and Kyn correlates with the decreased disease scores in Kyn treated WT mice, while the IL10R1 response to Kyn is abrogated in AHR KO mice. These results are also in line with the *in vitro* wound healing assays, demonstrating that increased epithelial IL10 receptor expression is vital for barrier protection and wound healing *in vivo*.

Taken together, these findings provide insight into the compelling protective role for AHR in the intestinal epithelium. Cumulatively, the data presented here clarify previous studies suggesting a protective role for Trp metabolism during ongoing inflammatory responses. Likewise, the data presented suggest that IFN- γ, via an IDO1-kyneurinine-AHR link, elicits adaptive mechanisms that promote a program of epithelial wound repair. The significance of these findings in patients is unclear at the present time. It is clear that IDO1 expression is increased in active IBD and that the serum Kyn:Trp ratio is increased in active Crohn's disease ^[@R54]^, suggesting that this metabolic pathway is active during disease. It could be postulated that inflammation-induced increases in IDO1 and the resulting Kyn act as a compensatory mechanism in patients with IBD.

Methods {#S9}
=======

Metabolomic Analysis {#S10}
--------------------

Distal colon tissue (1 cm) and serum were collected from control B6-129 mice and mice with DSS colitis. All tissues were flash frozen and global metabolomics was performed by Metabolon, Inc. (Durham, NC). Briefly, colon samples were removed from −80°C and weighed in tared cryovials and 80% MetOH was added at a ratio of 75μL solvent per mg of sample, then incubated overnight at 4°C to extract biochemicals. Internal standards were included to control for extraction efficiency. Serum samples were prepared as previously described ^[@R55]^. Following extraction in MetOH, both colon and serum samples were processed similarly and analyzed as described ^[@R55]^.

Animal Studies {#S11}
--------------

For the metabolomics analyses, C57B6-129 crossed mice ages 8--12 weeks were given 3% (wt/vol) dextran sodium sulfate (DSS) (mol. weight 36,000--50,000; MP Biochemicals) in the drinking water for 5 days. After 5 days, normal tap water was returned for an additional 2 days before tissue collection. Control mice were maintained on tap water for 7 days. The DSS colitis model with Kyn supplementation was performed on C57B6 mice age 9 weeks as well as 9 week old AHR villin-cre+ and villin-cre− mice with 2.5% (wt/vol) DSS in the drinking water for 6 days. Aryl Hydrocarbon Receptor (AHR)--floxed (AHRfl/fl) mice containing loxP sites flanking exon 2 of the AHR gene^[@R56]^ were crossbred to mice harboring the Cre-recombinase under control of the villin promoter (villin-Cre mice; Jackson Laboratories). Mice receiving Kyn were injected i.p. with 10 mg/kg of kynurenine sulfate salt (Sigma) in PBS at day 0 and every 48 h thereafter. Control mice received PBS injections only. After 6 days, normal tap water was returned for an additional 2 days before tissue collection. Body weight, occult blood in feces, and stool consistency were recorded daily to determine DAI as previously described^[@R57]^. Aryl Hydrocarbon Receptor Nuclear Transporter (ARNT)--floxed (ARNTfl/fl) mice containing loxP sites flanking exon 6 of the ARNT gene^[@R58]^ (Jackson Laboratories, Bar Harbor, ME) were crossbred to mice harboring the Cre-recombinase under control of the villin promoter (villin-Cre mice; Jackson Laboratories). Genotyping of mice was carried out as described previously. Eight to 12 week old female mice were gavaged with 50 μg/kg FICZ emulsified in 40% (2-hydroxypropyl)-beta-cyclodextrin (HPβCD) (ArozTech) or HPβCD alone 6 h and 12 h prior to tissue collection. Cre-negative littermates were used as controls. Tissues from 24 week old TNF(deltaARE) mice were harvested to analyze Kyn, IDO1, and IL10R1 ^[@R39]^. All animal work was approved by the Institutional Animal Care and Use Committee at the University of Colorado.

Tissue Collection, Processing, and FITC-dextran permeability {#S12}
------------------------------------------------------------

Colons with attached ceca were removed and measured. Approximately 1 cm of whole colon or epithelial scraping was removed and placed in Tris lysis buffer for protein analysis, RNAlater (Ambion) for qPCR, or flash frozen in liquid nitrogen for HPLC analysis. Isolated epithelial cells were processed using EasySep mouse epithelial enrichment kit (Stem Cell Technologies). Subsequently, RNA was isolated using RNeasy (Qiagen). Four hours prior to tissue collection, mice were gavaged with 100 mg of 4 kd FITC-dextran in PBS. Blood for serum analysis was collected via cheek bleeds into serum collection tubes (Sarstedt), centrifuged at 5000 x g, and 50 μL of serum diluted 1:2 in PBS and placed into wells of a black walled, clear bottom 96-well plate. Fluorescence was measured using a Promega fluorescent plate reader at ex. 490 em. 525, and compared to a standard curve.

Histological scoring {#S13}
--------------------

Histological examination was performed on three samples of the distal colon. Samples were fixed in 10% formalin before staining with hematoxylin and eosin. All histological quantitation was performed in a blinded fashion, using a previously described scoring system ^[@R59]^. The three independent parameters measured were severity of inflammation (0--3: none, slight, moderate, severe), extent of injury (0--3: none, mucosal, mucosal and submucosal, transmural), and crypt damage (0--4: none, basal 1/3 damaged, basal 2/3 damaged, only surface epithelium intake, entire crypt and epithelium lost). The score of each parameter was multiplied by a factor reflecting the percentage of tissue involvement (x1: 0--25%, x2: 26--50%, x3: 51--75%, x4: 76--100%) and all numbers were summed. Maximum possible score was 40.

Cell Lines and shRNA Knockdown {#S14}
------------------------------

Human T84 and Caco-2 intestinal epithelial cells (IEC) were cultured in 1:1 DMEM-Ham's F12 with 2.5 mM L-glutamine and 10% FBS and DMEM with 20% FBS respectively. Cells were maintained at 37°C with 5% CO~2~. Lentiviral particles encoding shRNA directed against ARNT, AHR, and IL10R1 (MISSION TRC shRNA, Sigma) were used to transduce Caco-2 and T84 cells using standard protocols. Stable integration was achieved by puromycin selection (6 μg/mL). Knockdown was confirmed by qPCR analysis, indicating 85% depletion of both ARNT and AHR levels, and 79% depletion of IL10R1. For mRNA and protein analysis, cells were grown to confluence on 5 cm^2^ permeable supports to form polarized monolayers. Where indicated, cells were treated with the AHR inhibitor CH223191 (Sigma, 10 μM), the IDO1 inhibitor 1-methyl-DL-tryptophan (1-MT, Sigma), recombinant human IFN- γ (10 ng/mL, R&D), or the AHR agonists FICZ (6-Formylindolo(3,2-b)carbazole; 100 nM -- 1 μM; Enzo), Kyn (Kynurenine, Sigma, 100 μM), or TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin, Sigma, 30 nM) in serum free media.

EC-HPLC Metabolite Analysis {#S15}
---------------------------

Kyn and Trp derivatives were quantified using isocratic reversed-phase high-performance liquid chromatography with electrochemical coulometric array detection (EC-HPLC)(Coularray, Thermo Scientific, Waltham, MA). Both tissue and cell samples were extracted in 6% perchloric acid and protein precipitate and cell debris was removed by centrifugation at 12,000x g. Separation was achieved using an Acclaim Polar Advantage II C18 column, 5 μm 120Å, 4.6 x 150 mm, (Thermo) at a flow rate of 1 to 1.5 mL/min in a mobile phase consisting of 10% acetonitrile in 50 mM sodium phosphate buffer, pH 3, containing 0.42 mM octanesulphonic acid as an ion-pairing agent. The data were quantified using the Coularray software in comparison to standards.

Real-time PCR {#S16}
-------------

Total RNA was extracted from cells using TRIzol (Invitrogen) and cDNA was prepared using the iSCRIPT cDNA synthesis kit (Bio-Rad). Real-time PCR to measure IL10R1 transcript was performed in 1× Power SYBR Green master mix (Applied Biosystems) using an ABI 7300 thermocycler. Fold change in expression of target mRNA relative to β-actin mRNA was calculated as previously outlined ^[@R60]^. Primer sequences: human IL10R1 F-CCCTGTCCTATGACCTTACCG R-CACACTGCCAACTGTCAGAGT, human Cyp1A1 F- ACCCGCCACCCTTCGACAGTTC R-TGCCCAGGCGTTGCGTGAGAAG, human Cyp1B1 F-CTGGCACTGACGACGCCAAGAGACT R-TGGTCTGCTGGATGGACAGCGGGTT, mouse IL10R1 F- CCCATTCCTCGTCACGATC R- TCAGACTGGTTTGGGATAGGTTT, mouse IDO1, F-TGGCGTATGTGTGGAACCG R-CTCGCAGTAGGGAACAGCAA, human β-catenin (β-CAT) F-AAAATGGCAGTGCGTTTAG R-TTTGAAGGCAGTCTGTCGTA, human Claudin 1 (CLDN1) F- CCAGTCAATGCCAGGTACGAAT R- TTGGTGTTGGGTAAGAGGTTGTT, human E-Cadherin (E-Cad) F- GCCCATTTCCTAAAAACCTG R- CTCTGTCACCTTCAGCCATC, human JAMA F- CCTGGGAATCTTGGTTTTTG R- GGAATGACGAGGTCTGTTTG, human occludin (OCC) F- GCTACGGAAGTGGCTATGG R- GCGGCAATGAAACAAAAG, human ZO-1 F-TGGTGTCCTACCTAATTCAACTCA R-CGCCAGCTACAAATATTCCAACA.

Western Blot and Cell Surface ELISA {#S17}
-----------------------------------

Whole cell lysate was extracted in RIPA buffer on ice. Mouse colon samples were collected in Tris lysis buffer and sonicated until homogenous. Protein content was quantified using BCA protein assay reagent (Thermoscientific) and 25 μg of whole cell extract was boiled in Laemmli buffer in reducing conditions and subjected to SDS/PAGE. The SDS/PAGE was transferred onto PVDF and probed for human IL10R1 using a rabbit polyclonal IL10RA antibody (Thermo), mouse IL10R1 using a rabbit polyclonal IL10RA antibody (Millipore), mouse IDO1 antibody (Cell Signaling), human ARNT antibody (BD Labs), human AHR antibody (Cell Signaling), and β-actin (Abcam) according to manufacturer's recommendations. Densitometry analysis was performed using ImageJ software (<http://imagej.nih.gov/ij>, NIH). Confluent monolayers of Caco-2 cells containing a non-template control (shNTC) or shRNA specific for ARNT were treated with FICZ (1 μM) for 24 h, fixed with 4% PFA, blocked in 10% BSA in PBS, and stained using a rabbit polyclonal IL10RA antibody (Millipore) at 1:200 overnight at 4°C. The IL10RA antibody was detected using an HRP-linked secondary antibody, a TMB peroxidase substrate (KPL), and reactivity measured at a wavelength of 450nm.

Plasmids, Transfection, and Luciferase Assays {#S18}
---------------------------------------------

The 5′ flanking promoter sequence of the IL10R1 gene (from −994 to +23 bp) was amplified from human genomic DNA and subcloned into the pGL3--basic luciferase reporter vector (Promega) to generate pIL10R1-Luc. Caco-2 cells were seeded into 24-well dishes and transfected with the luciferase reporter plasmid pIL10R1-Luc or empty pGL3-basic-Luc (100 ng) using Lipofectamine-LTX (Invitrogen). To assay promoter activity, cells were exposed to 1 μM FICZ, 100 μM Kyn, or 10 ng/mL IFN- γ 24 h posttransfection and harvested at 48 h posttransfection and luciferase activity was measured in extracts using the Dual-Glo luciferase reporter kit and GloMax system (Promega). All firefly luciferase activity was normalized to a cotransfected pRL-SV40 Renilla luciferase reporter (Promega).

Cell proliferation Assay {#S19}
------------------------

T84 IEC were seeded into 96-well plates at a low density of 5,000 cells per well, allowed to settle, and immediately treated with 250 nM FICZ, 100 μM Kyn, 10 ng/mL IL10, vehicle, or a combination. Cell proliferation was measured in relation to dehydrogenase activity as measured by the CCK-8 assay (Dojindo), according to manufacturer's instructions.

Scratch Wound Assay {#S20}
-------------------

T84 shNTC, shIL10R1 kd, and shARNT kd cells were seeded into 6-well dishes and grown to confluence. One cm length wounds were scratched into the epithelia using a 10 μl pipette tip and the scratches were monitored daily at 10x using a Nikon. Cells were treated daily with fresh media, 250 nM FICZ, 100 μM Kyn, and/or 10 ng/mL IL10. Wound width was measured in 3 places within the same field over 72 h using Spot software (Spot Imaging).

Statistical Analysis {#S21}
--------------------

Data are expressed as the means ± S.E.M. Statistical analyses were performed using two-tailed unpaired Student's t-test in GraphPad Prism (La Jolla, CA) for direct comparisons, one-way ANOVA with Tukey's test for multiple comparisons, and two-way ANOVA with Sidak's multiple comparison and multiple t-test for grouped data. Statistical significance is reported as \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.
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![Metabolomic profiling of DSS colitic mice\
(A) Principal component analysis of total metabolic differences in control mice and mice receiving 3% DSS for 7 days. Metabolites were measured by Metabolon, Inc. using LC/MS and GC/MS analysis, n=5. (B) Heat map of metabolites in the Trp pathway that are altered during DSS. (C) Summary of Trp metabolism pathway including the enzymes involved in the primary metabolism of Trp to Kyn or 5-hydroxy-tryptophan.](nihms835629f1){#F1}

![Kynurenine profiling during active inflammation\
(A) EC-HPLC analysis of Kyn in the colon of DSS mice at day 0 and day 7, n=5. (B) Concentration of Kyn in the colon of mice receiving 3% DSS for up to 5 days, n=5, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. (C) EC-HPLC analysis of Kyn in the serum of DSS mice at day 0 and day 7, n=5. (D) Concentration of Kyn in the serum of mice receiving 3% DSS for up to 5 days, n=5, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. (E) Western Blot quantification of IDO1 levels in the colons of mice receiving 3% DSS for up to 5 days. n=5, \*p\<0.05. (F) qPCR of *ido1* transcript levels in whole colon, colonic mucosal scrapings, and enriched colonic epithelial cells after 6 days of 2.5% DSS. n=5, \*p\<0.05, \*\*p\<0.01.](nihms835629f2){#F2}

![IL10R1 expression in response to AHR ligands\
(A) qPCR of *il10r1* and *cyp1a1* transcript levels in T84 IEC in response to AHR ligands. Confluent monolayers of T84 cells were treated with Kyn (100 μM), FICZ (250 nM), or TCDD (30 nM) for 6 h. Error bars represent the S.E.M. of five replicates. (B) Luciferase-based assay of IL10R1 promoter activity in response to AHR ligands FICZ and Kyn. IFN- γ served as a positive control. Caco-2 IECs were transfected with pGL3 containing the IL10R1 promoter region or empty pGL3 vector as control, treated for 12h with 100 μM Kyn, 250 μM FICZ, or 10 ng/mL IFN- γ and luciferase activity measured, n=3 (\*\*\*p\<0.001). (C) Cell surface ELISA of IL10R1 expression in shControl, shRNA ARNT knockdown, and AHR inhibitor treated Caco-2 IEC. Confluent monolayers of Caco-2 IEC were treated with 100 μM Kyn, 250 nM FICZ, or 30 nM TCDD for 24h. Error bars represent the S.E.M. of triplicate samples, \*p\<0.05, \*\*p\<0.01. (D) Western blot analysis of IL10R1 levels in shRNA AHR knockdown Caco-2 IEC. Confluent monolayers of Caco-2 cells containing a non-template control (shNTC) or shRNA specific for AHR were treated with FICZ or Kyn for 24 h. (E) Densitometry of the western blot analysis in [Fig. 3D](#F3){ref-type="fig"}. Relative density of the IL10R1 bands is normalized to β-actin. (F) Western blot analysis of IL10R1 levels in shRNA ARNT knockdown T84 IEC. Confluent monolayers of T84 cells containing a non-template control (shNTC) or shRNA specific for ARNT were treated with Kyn, FICZ, or TCDD for 24 h. (G) Densitometry of the western blot analysis in [Fig. 3F](#F3){ref-type="fig"}. Relative density of the IL10R1 bands is normalized to β-actin.](nihms835629f3){#F3}

![In vitro scratch wound assay in T84 IL10R1 kd IEC\
(A) Representative photos of T84 IEC 0 h and 48h after scratch. T84 shNTC (top) and IL10R1 kd (bottom) were treated with Kyn, IL10, or both, after wounding and monitored for 48 h. (B) Restitution of scratch wounds (y-axis) in T84 shNTC (left) and T84 IL10R1 kd (right) at 0, 24, 48, and 72h (x-axis) with control, Kyn, and IL10 treatment, n=5. (C) Comparison of shNTC (black) and IL10R1 kd (gray) wound healing with FICZ and IL10. Error bars represent the S.E.M. of triplicate measurements in five independent experiments, where \*\*\* indicates p\<0.001 for combination of IL10 and Kyn compared to IL10 alone.](nihms835629f4){#F4}

![In vitro scratch wound assay in T84 ARNT kd IEC\
(A) Representative photos of T84 IEC 0 h and 72 h after scratch. T84 shNTC (top) and ARNT kd (bottom) were treated with FICZ (blue), IL10 (gray), or both (red), after wounding and monitored for 72 h. (B) Restitution of scratch wounds (y-axis) in T84 shNTC (left) and T84 ARNT kd (right) at 0, 24, 48, and 72h (x-axis) with control, FICZ, and IL10 treatment, n=5. (C) Comparison of shNTC (black) and ARNT kd (gray) wound healing with FICZ and IL10. Error bars represent the S.E.M. of triplicate measurements in five independent experiments, where \*\*\* indicates p\<0.0001 for combination of IL10 and FICZ compared to IL10 alone.](nihms835629f5){#F5}

![Impact of Kyn supplementation on DSS colitis outcomes\
(A) Weight curves during 2.5% DSS and recovery with and without Kyn administration (10 mg/kg every 48 h) n=5. (B) Disease activity scores during 2.5% DSS and recovery with and without Kyn administration (10 mg/kg every 48 h). Disease activity was measured by a combination of weight loss, stool consistency, and bleeding, n=5. (C) Intestinal permeability after 6 d of DSS and 2 d of recovery, with and without Kyn. Mice were gavaged with FITC-dextran and permeability measured by the concentration of FITC (y-axis) in the serum, n=5 \*p\<0.05. (D) Colon anatomy 8 d post DSS with or without Kyn. (E) Average colon length (y-axis) in mice receiving water or DSS with or without Kyn. n=5 \*p\<0.05. (F) Histology score after 8 d post DSS with and without Kyn, n=5 \*\*\*p\<0.001. (G) Representative photos of H&E stained colon sections from DSS and control mice with or without Kyn.](nihms835629f6){#F6}
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